Abstract. Ultrasound velocimetry and densitometry methods were used to study the interactions of the Na,K-ATPase with the lipid bilayer in large unilamellar liposomes composed of dioleoyl phosphatidylcholine (DOPC). The ultrasound velocity increased and the specific volume of the phospholipids decreased with increasing concentrations of protein. These experiments allowed us to determine the reduced specific apparent compressibility of the lipid bilayer, which decreased by approx. 11% with increasing concentrations of the Na,K-ATPase up to an ATPase/DOPC molar ratio = 2 × 10 -4 . Assuming that ATPase induces rigidization of the surrounding lipid molecules one can obtain from the compressibility data that 3.7 to 100 times more lipid molecules are affected by the protein in comparison with annular lipids. However, this is in contradiction with the current theories of the phase transitions in lipid bilayers. It is suggested that another physical mechanisms should be involved for explanation of observed effect.
Specific volume and compressibility of bilayer lipid membranes with incorporated Na,K-ATPase Introduction
Biophysical studies of the mechanisms of protein-lipid interactions suggest the existence of annular lipids surrounding the integral membrane proteins (Lee 2003) . These lipid molecules are, however, not simply adjacent to the protein, but exhibit in general fast exchange with bulk lipids (Marsh and Horvath 1998) . At the same time the lipid packing affects also the protein-lipid interactions (Karlovská et al. 2006; Sanchez et al. 2010 ). Due to inhomogeneities of the protein surface, the surrounding lipids tend to adapt their conformation in order to gain optimal contact with the hydrophobic surface of the protein. It has been established that in the case of Ca 2+ -ATPase approximately 30 lipid molecules surround the protein in an annulus-like ring (Toyoshima et al. 2000) . The lipid environment affects the functioning of ATPases. Starling el al. (1995) found differences in the rate of dephosphorylation of the Ca-ATPase depending on the thickness of the bilayer, with the slowest rate for di(C24:1)PC bilayers. The role of annular lipids in the protein-lipid interactions has been reviewed recently in paper by Ernst et al. (2010) . Beyond existing observations the question arises whether only annular phospholipids are involved in protein-lipid interactions, or whether an extended environment of the lipid bilayer is affected by the presence of an integral protein.
In addition, it is necessary to analyze how the properties of the lipid bilayers are altered in close proximity of the proteins compared to the unperturbed lipid bilayer.
Due to problems with a functional isolation and purification of integral membrane proteins, so far, the mechanisms of protein-lipid interactions were studied only with a few integral proteins (for review, see Lee 2003) . The most detailed study was performed with bacteriorhodopsin (BR), which is one of the most stable proteins. It participates as proton pump in the energy transduction of the purple membranes of Halobacterium salinarum (previously Halobacterium halobium) . In particular, fluorescencespectroscopic studies performed by Rehorek et al. (1985) showed that as a result of conformational changes of BR the ordering of the lipid bilayer increases, and a propagation of conformational energy occurs over the distance of more than 4.5 nm. Mechanical properties of the membranes are also very sensitive to the conformation changes of proteins in lipid bilayers. The influence of BR on the structural state of regions of planar bilayer lipid membranes (BLMs) was detected by means of the elasticity modulus E ⊥ (Hianik and Vozár 1985) . It has been estimated that the area of a lipid bilayer with an altered structure surpasses 2800 nm 2 per one BR trimer. Moreover, a considerable increase of E ⊥ took place as result of the light-induced conformational changes of BR. Substantial decrease of volume compressibility of liposomes containing BR was demonstrated by the ultrasound velocimetry method (Hianik et al. 1993 ). In particular, it was shown that one BR trimer is able to change the structural state of the lipid bilayer of large unilamellar liposomes composed of dipalmitoyl phosphatidylcholine (DPPC) within a diameter of approximately 100 nm. The existence of large distorted regions around BR was confirmed also by theoretical studies (Hianik and Passechnik 1995) .
The mechanism of interaction between the Na,K-ATPase and phospholipids has been studied to a lesser extend. The focus was concentrated on how phospholipid structure and composition affect the functional properties of the protein, including transport rate, ion binding and turnover. A higher transport rate was observed when the ion pumps were reconstituted in membranes of di(18:1)PC, di(20:1)PC and di(22:1)PC, whereas in di(14:1)PC and di(16:1)PC the enzyme was almost inactive (Marcus et al. 1986 ). In certain cases also specific lipids have been found to be an important factor for functioning the integral protein. For example Na,K-ATPase interacts specifically with cardiolipin (Esmann and Marsh 2006) . ATPase activity was considerably enhanced in the presence of relatively high amount of cholesterol (40 mol%) (Cornelius et al. 2003) .
In this work we applied the method of densitometry and ultrasound velocimetry to determine changes of specific volume and compressibility of the lipid bilayer with incorporated Na,K-ATPase.
Materials and Methods
Chemicals and preparation of proteoliposomes containing Na, K-ATPase ATP (disodium salt) was obtained from Boehringer (Mannheim, Germany). Dioleoyl phosphatidylcholine (DOPC, molecular weight 768.15 g/mol) was ordered from Avanti Polar Lipids (USA). All other reagents were of the highest grade commercially available. Na,K-ATPase was prepared from outer medulla of rabbit kidneys using procedure C of Jørgensen (1974) . The specific activity of the purified microsomal preparation was~2200 μmol·P i per hour and mg protein at 37°C. Molecular weight of ATPase was 147 kDa (Ivashchuk-Kienbaum and Apell 1994) . Unilamellar liposomes were prepared from cholatesolubilized protein and lipids by a dialysis method (Apell et al. 1985) with various protein/lipid ratios. Briefly, the protein has been treated with 1% Na-cholate as detergent in the buffer to dissolve the membrane fragments. This allows the reconstitution of the Na,K-ATPase in vesicles, when mixed with lipid (18 mg/ml) dissolved in the detergent Na-cholate (10 mg/ml). Thereafter the mixture was dialyzed against the 1000-fold buffer volume to remove the detergent. For dialysis a 120 mm long dialysis tube (Visking 8/32, Serva, Cat. No. 44104) closed with two clamps has been used. Dialysis was performed at 4°C in buffer containing 30 mM imidazole, 1 mmol/l EDTA, 2.5 mmol/l MgSO 4 , 2.5 mmol/l Na 2 SO 4 , and 25 mmol/l K 2 SO 4 , pH 7.2. After at least 72 hours of dialysis the proteoliposome solution was removed from the tubing. This method allowed us to obtain unilamellar vesicles with a diameter of about 100 nm independently on the concentration of the protein. This has been approved earlier by electron microscopy and dynamic laser-light scattering (Skriver et al. 1980; Anner et al. 1984; Marcus et al. 1986 ). These studies clearly showed that multilamellar vesicles or cubic phases of lipids were never present in a sample of liposomes. The content of detergent in a sample after 72 hours of dialysis was much lower than 1% and has been below the sensitivity of HPLC method (Alpes et al. 1988) . The liposomes without protein were prepared exactly by the same method as that with protein. The only difference was that in the case of the pure lipid vesicles the lipid solution was diluted with protein-free buffer instead of protein-containing buffer.
The lipid concentration of the solution was determined by the Phospholipid B test (Wako Pure Chemical Industries, Ltd. Osaka, Japan). Briefly, the phosphatidylcholines are hydrolyzed to set free choline by phospholipase D. The released choline is subsequently oxidized to betaine by choline oxidase with the simultaneous production of hydrogen peroxide. The hydrogen peroxide, which is produced stoichiometrically, couples oxidatively 4-aminoanti-pyrine and phenol to yield a chromogen with a maximum absorption at λ = 505 nm. To calibrate the test a standard solution was prepared which contains 0.54 mg/ml choline chloride and 0.1% phenol as precisely as possible (errors below 1%). This corresponds to a solution of 3 mg/ml phosphatidylcholine. The calibration curve for the micro assay was taken with appropriate aliquots of the standard solution corresponding amounts of phosphatidylcholine between 0 and 50 µg (absolute). The calibration curve was always linear and reliable. When known concentrations of phosphatidylcholine lipid were tested, the agreement between the known amount of lipid and the amount determined by the Wako test was always better than 5%, which includes all the uncertainties of pipetting solutions and reading the amount from the calibration curve. We determined the lipid contents of the samples always threefold, and the agreement of the result was always better than 5%.
Protein concentration has been determined by the Markwell method (Olson and Markwell 2007) , which is a modification of the classical Lowry method (Lowry et al. 1951) . The difference consists only in addition of 1% sodium dodecyl sulphate (SDS). This method is more suitable for determination of protein concentration in vesicles since the SDS dissolves the vesicles and therefore protein determination is more exact. All determinations were performed with aliquots, contained higher concentration of lipids (approx. 10 mg/ml) and at least 10 µg/ml protein. As a control we always measured also a calibration curve (with bovine serum albumin (BSA) in parallel and took these as reference for the measured absorption values. The protein/lipid ratio was varied between 1 : 175000 and 1 : 5250. At the end of the dialysis the lipid concentration was found to be between 8 and 10 mg/ml. These solutions were diluted with buffer to obtain concentrations of about 5 mg/ml for the experiments in the ultrasound equipment. In order to increase the precision of the data, in part the lipid and protein concentration was determined again after the ultrasound experiments.
Measurement of ultrasound velocity and density
The measurement of ultrasound velocity allows us to evaluate the elastic properties of aqueous media and suspensions such as liposomes (Halstenberg et al. 1998; Hianik et al. 1998) , lipoproteins (Hianik et al. 1999) or cell surface proteins (Hianik et al. 1997 ) based on a simple relationship:
where β S , ρ, and u are the adiabatic compressibility, the density, and the sound velocity of the suspension, respectively. Thus, by measuring the changes of sound velocity and density, one can determine the changes of compressibility (Hianik et al. 1999) . Ultrasound velocity was measured using a fixed-path differential velocimeter consisting of two almost identical acoustic cavity resonators (Sarvazyan 1991 ) operated at frequencies around 7.2 MHz. The resonance frequencies of the cells were measured using a computer-controlled network analyzer (USAT, USA). The sample volume was 0.7 ml. The resonator cells were equipped with magnetic stirrers to ensure homogeneously dispersed samples during the measurements. One resonator contained the vesicle solution whereas the other one was filled with the same buffer solution (1 mmol/l EDTA, 2.5 mmol/l MgSO 4 , 2.5 mmol/l Na 2 SO 4 , and 25 mmol/l K 2 SO 4 , pH 7.2) without vesicles as reference. When starting a series of measurements, first the resonance frequencies of both resonators were compared by measuring both cells with identical reference liquid. As the energy density of the sonic signal was small throughout (the pressure amplitude in the ultrasonic wave was less than 10 3 Pa), any effects of the sound wave on the structural properties of the vesicles were avoided. In general, ultrasonic velocimetry allows the determination of the sound velocity [u] or rather its concentration-dependent increments (Sarvazyan 1982) as defined by the equation:
where c is the solute concentration in mg/ml, and the subscript "0" refers to the solvent (buffer). The value [u] can be directly determined from the changes of resonance frequencies f and f 0 of both resonators (f is resonance frequency of the sample, and f 0 that of the reference buffer):
(the coefficient fulfills the condition γ << 1 (Sarvazyan and Chalikian 1991) and can be neglected in the calculations). A high precision densitometric system (DMA 60 with two DMA 602 M sample chambers, Anton Paar KG, Graz, Austria) operating according to the vibrating tube principle (Kratky et al. 1973 ) was used to determine the density ρ of the vesicle solution. Apparent specific partial volumes φ V have been calculated from the density data using the relation
where the subscript 0 refers again to the reference solvent and [ρ] = (ρ -ρ 0 )/(ρ 0 c) denotes the concentration increment of density. The temperature of the cells was controlled to within ±0.02°C with a Lauda RK 8 CS ultra-thermostat (Lauda, Germany). The determination of the specific volume in addition to the sound-velocity concentration increment allowed the estimation of the reduced specific apparent compressibility φ K /β 0 of the vesicles, which is based on the following equation:
where β 0 is the coefficient of the compressibility and ρ 0 is the buffer density (Sarvazyan 1991) . The value of φ K /β 0 indicates the volume compressibility of the vesicles relative to the buffer.
Experimental errors
The accuracy in determination of the concentration of lipids and Na,K-ATPase was better than 5%. The temperature of the measuring chambers was controlled in a range of ±0.02°C. The relative error in the resonance frequencies of the ultrasonic resonator chambers was ±5 Hz and less then ±10 -3 ml/g for [u] and φ V , respectively. The error in the determination of density was less than ±10 -3 g/ml. Each series of experiments was performed at least three times.
Results
Measurements of ultrasound velocity and density allowed us to estimate the mechanical properties of lipid bilayer of vesicles and their modification caused by protein-lipid interactions (Hianik et al. 1993; Rybár et al. 2007 ). We studied the mechanical properties of proteoliposomes at various molar ratios of ATPase/lipid. We used vesicles composed of DOPC that has been shown to be a lipid in which the Na,K-ATPase revealed optimal activity in the presence of ATP (Marcus et al. 1986) . Figure 1 shows the plot of the concentration increment of the sound velocity, [u] (see Eq. 2), as function of the temperature for liposomes without ATPase and for liposomes of molar ratios of ATPase/DOPC = 1 : 52500 and 1 : 5250. It can be seen that the value [u] decreases monotonously with increasing temperatures. This may be interpreted as a decrease of lipid-bilayer ordering, which can be related to an increased conformational freedom of the phospholipids hydrocarbon chains with increasing temperature. The hydration shell surrounding both lipids and proteins becomes, however, also more compressible with increasing temperature. Therefore, this contribution should also be taken into account. It can be seen from the Figure 1 Because the changes of [u] include changes in compressibility of both the bilayer and the hydration shell, further analysis of the mechanical membrane properties requires the determination of changes of the specific volume of liposomes. This is possible by measuring the density in the proteoliposome suspensions. It allowed us to determine the specific volume φ V of the lipid bilayer (see Eq. 4), and its changes with temperature and with different ATPase/DOPC molar ratios. The plot of φ V as function of temperature is presented in Figure 2 for various molar ratio of ATPase/DOPC. It can be seen that φ V increases with temperature for unmodified liposomes as well as for that with different content of ATPase. The value of φ V for unmodified liposomes is in good agreement with previously reported results (Marsh 1990; ). In addition, with increasing contents of ATPase in the vesicles the specific volume decreases. The lower specific volume of proteoliposomes in comparison with unmodified membranes may indicate a more compact structure of lipid bilayer in the presence of the ATPase.
Applying the values [u] and φ V in Eq. (5) it is possible to determine the reduced apparent specific compressibility of the lipid bilayer, φ K /β 0 . The plot of the φ K /β 0 , as function of temperature for unmodified vesicles of DOPC and for proteoliposomes with various content of ATPase is presented on Figure 3 . We can see that the specific compressibility increases monotonously with increasing temperature for all systems studied. This behavior is expected and agrees well with our previous studies . The increase of the specific compressibility reflects the increased disorder of the liposomes (mostly of the hydrophobic phase of the lipid bilayer) and of an increase of the compressibility of the hydrated shell with increasing temperature. The monotonous change of the specific compressibility reflects the liquid-crystalline state of the bilayer of DOPC in the temperature range studied. Figure 4 , where the plot of φ K /β 0 is presented as function of the molar ratio ATPase/DOPC at two temperatures, 26°C (curve 1) and 38°C (curve 2). At the higher temperature the changes of φ K /β 0 as function of the ATPase contents are closer to a linear behavior. Thus, the results obtained revealed that liposomes containing ATPase are characterized by lower specific volume and lower apparent specific compressibility when compared with unmodified liposomes. Increased contents of ATPase resulted in a decrease of both specific volume and compressibility. We can assume that the ATPase considerably affects the specific volume and compressibility of the surrounding lipid bilayer of the liposomes.
Thus, the important results obtained can be summarized as follows: the enhancement of the ATPase contents in the vesicles led to an increase of the increment of ultrasound velocity [u] , a decrease of the specific volume and a decrease of the reduced specific apparent compressibility.
Discussion
The concentration increment of sound velocity as well as the specific volume, and consequently, also the compressibility are additive and integral parameters. This means that if, for example, a protein molecule is incorporated into the lipid bilayer, the overall reduced specific apparent compressibility φ K /β 0 will be composed of the sum of the three respective components of the membrane: 1) of the undisturbed lipid bilayer (φ K /β 0 ) L , 2) of the altered part of the bilayer caused by protein-lipid interactions (φ K /β 0 ) LP , as well as 3) of the protein molecule itself, (φ K /β 0 ) P . In addition, the contribution of the hydration shell (φ K /β 0 ) H , to the overall compressibility should also be taken into account. Therefore, the overall specific, apparent adiabatic compressibility of proteoliposomes is given by the equation:
The hydration term is negative at relatively low temperatures, while the other terms are positive. Therefore, the overall value of the reduced specific apparent compressibility could be positive or negative depending on the degree of hydration and on temperature. For example, at 20°C the compressibility of globular proteins is in the range 0.05-0.15 ml/g, while 1.00
1.05
1.10 for more hydrated fibrilar proteins the values of apparent compressibility are in the range -0.1 to 0.75 ml/g (Sarvazyan and Kharakoz 1977) . The value of the overall apparent compressibility is therefore a sensitive indicator of the structural and conformational state of the protein. We will therefore analyze the possible contribution of above mentioned terms to the compressibility of proteoliposomes. We have shown that the coefficient of reduced apparent specific compressibility decreases with an increasing ATPase/DOPC ratio. This effect can be related to several processes: 1. Due to considerably smaller compressibility of proteins in comparison with the compressibility of a lipid bilayer, the decrease of the compressibility will be caused by an increasing number of protein molecules in a membrane, arising from the additive rule mentioned above. 2. Since the ATPase is composed not only from a hydrophobic membrane domain, but also from hydrophilic (cytosolic part exposed to the electrolyte), the latter is hydrated, and the decrease of the overall compressibility can possibly be related also to an increased hydration. 3. The ATPase strongly interacts with surrounding lipids, and as a consequence, the ordering of the lipid bilayer increases. The above-mentioned possibilities have to be estimated and discussed.
Effect of the compressibility of the protein
The adiabatic compressibility of proteins depends on the degree of their hydration. For example, at 20°C the compressibility of human serum albumin (globular protein) is approximately 0.13 ml/g, while the compressibility of fibrilar proteins, e.g. rabbit myosin, is negative: -0.2 ml/g (Sarvazyan and Kharakoz 1977) . In our recent study we showed that the reduced apparent specific compressibility of native sarcoplasmic reticulum isolated from rabbit skeletal muscles which contained Ca-ATPase was about -0.46 ml/g at 25°C (unpublished data). The value of the apparent adiabatic compressibility for liposomes with even the highest amount of Na,K-ATPase (molar ratio ATPase/DOPC = 1 : 5250) was positive over the whole temperature range studied (Fig. 3) . This suggests that the structure of the Na,K-ATPase is rather compact, and that the surface of hydration shell is lower compared to Ca-ATPase. Let us assume that the compressibility of the liposomes is composed of two parts: lipid bilayer and the protein. Then the overall normalized apparent specific compressibility φ K /β 0 will be given by equation (Hianik and Passechnik 1995) :
where (φ K /β 0 ) L and (φ K /β 0 ) P are the normalized apparent specific compressibilities of the lipid bilayer and the protein, respectively, s is the relative area occupied by the lipid bilayer and 1 -s that of the protein. The cross-sectional area of Na,KATPase estimated on the base of electron microscopy is approx.
48.7 nm 2 (Hebert et al. 2003) . The area S L occupied by one phospholipid molecule in a liquid-crystalline state is approx. 0.7 nm 2 (Marsh 1990). Then, for the molar ratio ATPase/ DOPC = 1 : 5250 the relative area occupied by lipids will be s = 1 -2mS P /S L = 1 -2(1/5250)·(48.7/0.7) = 0.973 (m is the molar fraction of ATPase/lipid, S L and S P is the area occupied by lipid and protein, respectively. The coefficient 2 is due to the pair of the phospholipids in a bilayer). The relative area occupied by protein is: 1 -s = 0.027. Using Eq. (7) and the measured value of (φ K /β 0 ) L =1.12 ml/g (at T = 38°C) it is possible to estimate the apparent adiabatic compressibility of the protein, applying a value of (φ K /β 0 ) = 0.986 ml/g at this temperature, one obtains from Eq. (7): (φ K /β 0 ) P = -3.84 ml/g. Thus, the compressibility of the protein could explain the decrease of the overall compressibility of the liposomes with an increased number of protein molecules. The estimated value of (φ K /β 0 ) P is, however, negative and considerably lower than the compressibility of the fibrilar and globular proteins investigated so far (Sarvazyan and Kharakoz 1977; Hianik et al. 2006 ). The Na,K-ATPase is composed of two subunits. The alpha subunit (~113 kDa) binds ATP, and sodium and potassium ions, and it contains the phosphorylation site. The smaller beta subunit, a glycoprotein (~35 kDa), has yet unknown functional properties but it is necessary for enzyme functioning (Jørgensen et al. 2003) . The substantial part of the Na,K-ATPase is anchored in the hydrophobic part of the membrane. Therefore, it could be expected that the value (φ K /β 0 ) P should be positive like that for globular proteins (Sarvayzan and Kharakoz 1977; Kharakoz 2000) . Thus, it seems to be unlikely that the observed changes of apparent specific compressibility are related exclusively to that of the proteins, but rather to the compressibility of proteolipid complexes.
Effect of hydration
The decrease of the reduced apparent specific compressibility with an increasing concentration of the Na,K-ATPase could be related to an increase of the hydration of the liposomes. However, this effect was observed not only at relatively low temperatures at which the hydration shell is highly ordered (and its compressibility is lower in comparison with unbounded water molecules), but also at higher temperatures (T = 38°C), at which the compressibility of the hydration shell is comparable with the compressibility of surrounding water molecules. This is true at least for zwitterionic phospholipids such are DPPC or DOPC (Hianik et al. 1993) . We assume, therefore, that a hydration effect is not predominant in the observed changes of the apparent specific compressibility of the proteoliposomes.
Effect of protein-lipid interactions
The changes of the reduced apparent specific compressibility of the liposomes, 0.093-0.14 ml/g, which were induced by the Na,K-ATPase at its highest concentration (molar ratio ATPase/DOPC = 1 : 5250), are comparable with changes of that of liposomes during the phase transition of phospholipids (Halstenberg et al. 1998; Kharakoz and Shlyapnikova 2000) . Therefore, the observed changes could be explained by an influence of the enzyme on the structural state of the surrounding phospholipid molecules. Probably, due to interactions between the hydrophobic side of the membrane domain of the Na,K-ATPase and the hydrocarbon chains of the phospholipids, the lipid bilayer becomes more ordered, which is reflected by the decrease of compressibility.
Let us make estimations of the number of lipid molecules whose structural state may be affected by ATPase. This estimation can be based either on the changes in specific volume or apparent specific compressibility. First, we will consider the changes of specific volume. As it is seen from Fig. 2 , the specific volume of the lipids decreases with increased ATPase concentrations. Let Q be any specific physical property (normalized per mass) of a flat lipid membrane containing protein (i.e. specific volume or compressibility). Then, in analogy to Eq. (7), the following equation is approximately valid if the protein has the same thickness as the lipid bilayer
where s and (1 -s) is the surface fraction occupied by lipid and protein, respectively, Q L is average property of the lipid affected by protein and Q P is the property of the protein.
The number of lipid molecules affected by ATPase can be calculated on the base of specific volume changes as follows. Let Q is the specific volume, then according to Eq. (8) the average specific volume of the lipid affected by protein is: Q L = (Q -(1 -s)Q P )/s, where Q P ≈ 0.73 ml/g is the specific volume for most proteins (Gekko and Hasegawa 1986) . Thus, corresponding Q L values are 0.981 ml/g and 0.960 ml/g for molar ratios of ATPase/lipid being 1 : 52500 and 1 : 5250, respectively. These values are less than those for pure lipid (0.999 ml/g). Therefore, the average volume of lipid is reduced by 1.8 and 3.9%, respectively, for above given molar ratios of ATPase/lipid. These changes are comparable with that caused by phase transition of lipids from fluid to solid state, which are approx. 4% (Marsh 1990 ). If we assume that a portion of lipids indeed undergoes transition to solid state, then we can calculate the number of such lipid molecules: N V = 52500 × 1.8/4 = 23700 and N V = 5250 × 3.9/4 = 5120 for molar ratios ATPase/lipid being 1 : 52500 and 1 : 5250, respectively (see Table 1 ). The coefficient 4 corresponds to the above mentioned maximal changes of the specific volume of phospholipids at phase transition. If we assume, similarly to the findings for the Ca-ATPase, that only one layer of annular phospholipids exists around the Na,K-ATPase, then approx. 79 annular lipids surround the protein in a lipid bilayer, assuming a cross sectional area of 48.7 nm 2 (Hebert et al. 2003 ). Thus, the obtained values exceed 64-300 times the number of the closest neighbors of a protein molecule.
Similar calculations can be performed also based on the changes of specific apparent compressibility. The intrinsic compressibility of most of the proteins is in the range of 0.2-0.55 ml/g (Kharakoz 2000) . Considering that the relative changes of intrinsic compressibility of lipid bilayer is Δβ/β 0 = -0.30 at the transition from fluid to solid state (Halstenberg et al. 1998; Kharakoz and Shlyapnikova 2000) and performing calculations in analogy to that for specific volume, the average number of lipid molecules that undergo a transition to the solid state due to the presence of ATPase will be N β = 8000 and 290 for molar ratios ATPase/lipid being 1 : 52500 and 1 : 5250, respectively (see Table 1 ). Thus, the obtained values exceed 3.7-100 times of the number of annular lipids around one ATPase molecule. These analyses indicate that the ATPase affects the physical properties of a substantially higher number of lipid molecules than that of lipid annulus.
This conclusion is supported also by the fact that the applied method to study liposome compressibility is a macroscopic one, i.e. it does not reflect local effects or the contribution of small structural changes of the bilayer. Considering, that the average diameter of unilamellar liposomes used in this study is about 100 nm (Apell et al. 1985) , then approx. 17 molecules of ATPase are incorporated in one liposome at a molar ratio ATPase/DOPC = 1 : 5250, and the proteolipid complexes composed of an ATPase and its annular lipids occupy only 4% of the whole liposome surface. So far performed studies indicate, however, that the detected changes of mechanical properties (8) and using experimental data presented on Fig. 2 and 3 for T = 25°C. s L and s P , fraction of the area occupied by lipid and protein, respectively; N V and N β , numbers of lipid molecules per 1 molecule ATPase affected by protein calculated according to the specific volume and intrinsic compressibility changes. the membranes were significant only when at least 10% of the membrane area were occupied by an altered structure (Hianik and Passechnik 1995) . Moreover, in this study the changes of apparent specific compressibility were observed even at rather low ATPase/DOPC ratio, i.e. at 1 : 175000. In this case not more than 1 ATPase molecule per liposome is expected in the average, and the proteolipid complexes represent only 0.2% of the liposome area. Similar results were reported earlier for the proteoliposomes containing BR (Hianik et al. 1993 ) (see Introduction). Therefore, the assumption on the existence of altered membrane regions considerably larger than those created by the ATPases and their annular lipids seems to be realistic.
However, above-mentioned asumption on the rigidization of DOPC molecules induced by ATPase is in contradiction with the current theories of the phase transition in a lipid membrane. Certainly, if we assume that ATPase induced transition of lipids into the solid state, then the correlation length should be approx. 100 diameters of lipid molecules. Such a long correlation seems to be impossible at the experimental condition used in our work. As a matter of fact such a great correlation length could be observed only in immediate vicinity to the phase transition temperature (which is −20ºC for the DOPC). As soon as temperature increases, the correlation length is sharply reduced and reaches 1-2 lipid molecules at temperatures several degrees away from the transition point. This behavior of lipid system is well known from both experimental (calorimetry) and theoretical (Monte Carlo simulation) studies published by many authors (see for example Mouritsen et al. 1983; Sperotto and Mouritsen 1991) . The temperature at which our experiments were performed exceed the transition point by 30-60°C.
The question therefore arises why so enormous changes are induced by ATPase and what is the physical mechanisms of this process. Considering the highly accurate determination of specific volume and apparent specific compressibility, we believe that the calculated changes really characterize the system studied. Newertheless, the rather large number of lipid molecules involved in the interaction with Na,K-ATPase is amazing. We are reporting our observation as an interesting experimental phenomenon whose physical mechanism remains unclear for us. It is unlikely that ATPase is able to induce rigidization of DOPC molecules at the temperature substantilly surpassing the phase transition of this lipid. Therefore there should be another physical mechanisms that may explain the observed phenomena. We let this mechanism to be a matter of further studies.
